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Ghrelin and leptin are key peripherally secreted appetite-regulating hormones in vertebrates. Here we
consider the ghrelin gene (GHRL) of birds (class Aves), where it has been reported that ghrelin inhibits
rather than augments feeding. Thirty-one bird species were compared, revealing that most species har-
bour a functional copy of GHRL and the coding region for its derived peptides ghrelin and obestatin. We
provide evidence for loss of GHRL in saker and peregrine falcons, and this is likely to result from the inser-
tion of an ERVK retrotransposon in intron 0. We hypothesise that the loss of anorexigenic ghrelin is a
predatory adaptation that results in increased food-seeking behaviour and feeding in falcons.
 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).1. Introduction
Ghrelin is a multifunctional peptide hormone produced across
the whole spectrum of vertebrates, from human to ﬁsh (Kaiya
et al., 2013a). Ghrelin, which is 26 amino acids (AA) in the chicken
(Kaiya et al., 2002), is derived from preproghrelin, a preprohor-
mone encoded by four coding exons of the ghrelin gene, GHRL
(Kojima et al., 1999; Seim et al., 2009). Ghrelin has a wide range
of functions, including roles in appetite stimulation and energy
homoeostasis. A number of functions are conserved across species
and ghrelin stimulates growth hormone secretion and gastric
motility in mammals and birds (Kojima et al., 1999; Baudet and
Harvey, 2003; Kitazawa et al., 2009). The effects of ghrelin on appe-
tite, feeding and adipogenesis are more divergent, however. Ghre-
lin is orexigenic in a wide range of species including mammals
(Tschop et al., 2000; Druce et al., 2005). Ghrelin stimulates appetite
in goldﬁsh and salmon (Unniappan et al., 2004; Tinoco et al., 2014),
however, it has been shown to inhibit food intake in bird species
and in some teleost ﬁshes, including the rainbow trout (Jonaidi
et al., 2012; Jonsson et al., 2007, 2010; Jonsson, 2013). Its effect
is inﬂuenced by the species, age, bodyweight and route of ghrelin
administration, however (Tinoco et al., 2014). The effect of ghrelin
on adiposity also differs. In mammals, ghrelin is regarded as lipo-
genic, and it maintains body adiposity (Heppner et al., 2014). Avianghrelin may be lipolytic, however, as peripheral ghrelin adminis-
tration may shift metabolic fuel preference from carbohydrates
to lipids in broiler chicks (Geelissen et al., 2006), however, its role
in other bird species is currently unclear (Kaiya et al., 2013b).
In addition to ghrelin, it is predicted that preproghrelin gener-
ates a second 23 AA peptide, obestatin (Zhang et al., 2005), which
has been identiﬁed in mammals, but is yet to be experimentally
validated in birds and has not been detected in the circulation of
avian species (Kaiya et al., 2013b).
To date, the ghrelin axis has only been extensively studied in
commercial poultry species (Kaiya et al., 2013b). GHRL sequences
have been reported in the literature for seven birds: the chicken
(Kaiya et al., 2002; Nie et al., 2004; Richards et al., 2006), turkey
(Richards et al., 2006), duck (Nie et al., 2009; Yuan et al., 2007),
emu (Yuan et al., 2007), Japanese quail (partial sequence only)
(Yoshimura et al., 2005), ostrich (partial sequence only) (Wang
et al., 2011) and goose (Yuan et al., 2007). Aided by a number of
recently published (Dalloul et al., 2010; Hillier et al., 2004;
Huang et al., 2013; Shapiro et al., 2013; Zhan et al., 2013) and
unpublished, publically available sequenced genomes, we examine
and compare here the ghrelin gene of 31 bird species (class Aves).2. Materials and methods
2.1. Identiﬁcation of GHRL sequences in birds
Putative avian ghrelin gene (GHRL) sequences were obtained by
interrogating sequences from the ghrelin literature, NCBI Genome
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Read Archive (SRA) (Leinonen et al., 2011), and the Avian Phyloge-
nomic Project (http://phybirds.genomics.org.cn). In accordance
with the Fort Lauderdale agreement on fair use of community
resource data (http://www.genome.gov/10506537), genomes from
the Avian Phylogenomic Project were only examined for ghrelin
sequences. In total, preproghrelin coding sequences could be
obtained from 31 birds: chicken (Gallus gallus), turkey (Meleagris
gallopavo), duck (Anas platyrhynchos), riﬂeman (Acanthisitta chl-
oris), peregrine falcon (Falco peregrinus), saker falcon (Falco cher-
rug), rock pigeon (Columba livia), speckled mousebird (Colius
striatus), bar-tailed trogon (Apaloderma vittatum), (greylag) goose
(Anser anser), ostrich (Struthio camelus), emu (Dromaius novaehol-
landiae), cormorant (Phalacrocorax carbo), sunbittern (Eurypyga
helias), chimney swift (Chaetura pelagica), red-crested turaco (Taur-
aco erythrolophus), Chuck-will’s-widow (Antrostomus carolinensis),
little egret (Egretta garzetta), white-tailed tropicbird (Phaethon
lepturus), barn owl (Tyto alba), Adélie penguin (Pygoscelis adeliae),
Emperor penguin (Aptenodytes forsteri), cuckoo roller (Leptosomus
discolor), great crested grebe (Podiceps cristatus), killdeer (Charadri-
us vociferus), grey crowned crane (Balearica regulorum), Northern
fulmar (Fulmarus glacialis), crested ibis (Nipponia nippon), red-
throated loon (Gavia stellata), American ﬂamingo (Phoenicopterus
ruber), and turkey vulture (Cathartes aura).
Genome sequences were examined using BLAST (Altschul et al.,
1990) and gmap v2013-06-27 (a genomic mapping and alignment
programme for mRNA and EST sequences) (Wu and Watanabe,
2005) with the parameters –cross-species –align –direc-
tion=sense_force-Y. MUSCLE (Edgar, 2004) was used for protein
sequence alignments of GHRL orthologs, using the human sequence
as the reference. RepeatMasker was used to identify repetitive
elements (Tarailo-Graovac and Chen, 2009).2.2. Phylogenetic analyses
A phylogenetic tree of human and avian preproghrelin was
drawn using MrBayes, which uses Bayesian Markov Chain MonteFig. 1. Multiple sequence alignment of avian and human preproghrelin peptides coded b
region of proghrelin, C-ghrelin (grey highlighting), is shown. The initiating methionine re
Asterisk (⁄) represents 100% amino acid conservation in all species examined.Carlo inference to reconstruct phylogenetic relationships
(Huelsenbeck and Ronquist, 2001). The 30 terminal coding region
of preproghrelin exon 4 is very short (6 AA in humans), complicat-
ing identiﬁcation of the exon from several avian draft genomes.
Therefore, in constructing the tree coding exons 1–3 of preprogh-
relin (111 AA in humans) were used. Brieﬂy, sequences were
aligned using MUSCLE (Edgar, 2004) and converted to Nexus for-
mat with Readseq (Gilbert, 2003). Using MrBayes v.3.2.2 a preli-
minary matrix was evaluated under a mixed model (prset
aamodelpr = mixed), which enables the program to evaluate nine
different amino acid substitution matrices. Two independent anal-
yses were run for 1 million generations, each starting with differ-
ent random trees with four chains, with sampling every 100th
generation. The ﬁrst 25% of sampled trees were discarded as the
burnin fraction (relburnin = yes burninfrac = 0.25). The Jones–Tay-
lor–Thornton (JTT) model of protein evolution was selected with
100% posterior probability.
2.3. Analysis of raw sequencing data from saker and peregrine falcon
Raw saker and peregrine falcon genome and transcriptome
sequences (from blood) were obtained from the NCBI Short Read
Archive (Accession No. SRA054256). Brieﬂy, SRA ﬁles were con-
verted to FASTQ (using the fastq-dump command in the SRA Tool-
kit). FASTQ ﬁles were converted to FASTA and analysed using
BLAST on a local instance of the Ruby-based SequenceServer
(http://www.sequenceserver.com), with default parameters.3. Results and discussion
A multiple sequence alignment showed that the coding regions
of the preproghrelin-derived peptides ghrelin (Kojima et al., 1999)
and obestatin (Zhang et al., 2005) are intact in all avian species
examined (Fig. 1 and Table S1). In contrast to human ghrelin, avian
ghrelin harbours two consecutive C-terminal arginine residues,
which enable proteolytic cleavage (Kaiya et al., 2002), with ghrelin
ranging from 25 AA in the turkey vulture, 26 AA in chicken, to 27y exon 1–3 of preproghrelin. Ghrelin (blue), obestatin (orange) and the C-terminal
sidue (M) of preproghrelin is highlighted in green and radical residue changes in red.
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the minimum sequence required for ghrelin function (Yang et al.,
2008), is highly conserved (Fig. 1). Surprisingly, a canonical methi-
onine translation start residue (M, encoded by AUG) was not found
in falcons or the bar-tailed trogon. Rather, a leucine (L) is present in
the ﬁrst position of their preproghrelin coding sequences, indica-
tive of inactivation of preproghrelin translation. We reconstructed
phylogenetic trees in a Bayesian statistical framework using the
preproghrelin protein-coding sequence of 31 bird species and
human as an outgroup (Fig. 2). This analysis separated peregrine
and saker falcon from the bar-tailed trogon, suggesting separate
potential inactivation mechanisms of GHRL in these birds.
To gain further insight into the potential inactivation of the
ghrelin gene, we examined genome sequences in greater detail.
The leucine codon (TTG) of falcons is not a known translation start
codon, and analysis of raw genome and RNA-seq data detected no
upstream start codon in-frame with preproghrelin in falcons (data
not shown). This suggests that preproghrelin is not translated in
falcons. In contrast, the leucine residue present in the bar-tailed
trogon is encoded by CUG (Fig. 3), which could serve as an alterna-
tive translation start codon (Ingolia et al., 2011; Starck et al., 2012).
Moreover, falcon ghrelin harbours an additional lysine residue at
position 10, and a monobasic, or dibasic motif at the C-terminus
of the mature ghrelin is missing (Fig. 1), suggesting that proghrelin
would not be properly processed. Mature ghrelin peptide may not
be produced in falcons, however this should be conﬁrmed by
attempting to detect plasma ghrelin in falcon species. Taken
together, this data suggests that, with the exception of falcons,
all bird species harbour a functional copy of GHRL.
In mammals and birds, preproghrelin consists of four coding
exons (exon 1–4) and an upstream 50 untranslated exon 0, ﬂanked
by a TATA box promoter (Seim et al., 2009). Intron 0 of avian GHRL
is typically200 bp, but is approximately 3.2 kb in falcons. Repeat-
Masker analysis revealed a 3 kb endogenous retroviral sequence,
endogenous retrovirus K (ERVK), in intron 0 of the saker and pere-
grine falcon GHRL, but not in the bar-tailed trogon (Figs. 2 and 3).Fig. 2. Bayesian phylogenetic tree of human and avian preproghrelin peptide
sequences. The scale bar denotes substitutions per site. Branches where species
harbour a non-AUG start codon in the ghrelin gene (GHRL) are shown in red. A blue
arrow indicates an ERVK retrotransposon inserted into intron 0 of GHRL on the
branch before or after the indicated node.Retrotransposition in intron 0 may have served to inactivate GHRL
in a common ancestor to the saker and peregrine falcons. Retro-
transposons are found in diverse taxa and can inactivate or alter
the expression and function of adjacent genes (Baillie et al.,
2011). ERVK is presumably derived from infections by exogenous
retrovirus that became ﬁxed in these species (Bolisetty et al.,
2012). The genomes of saker and peregrine falcons are highly sim-
ilar (Zhan et al., 2013). Their common ancestor is dated to approx-
imately 2.1 million years ago and falcons have been under strong
population-size pressure (bottleneck effect) (Zhan et al., 2013).
What is the biological signiﬁcance of GHRL loss in falcons? The
most widely appreciated function of ghrelin is appetite regulation
(Kojima et al., 1999). Peripheral or intracerebroventricular (ICV)
injection of ghrelin potently stimulates food-seeking behaviours
and intake in rodents (Tschop et al., 2000) and intravenous infusion
of ghrelin increases energy intake in obese and lean humans
(Druce et al., 2005). Surprisingly, in contrast to mammals where
ghrelin is orexigenic, in birds, such as the chicken and Japanese
quail, ghrelin represses appetite (reviewed in Kaiya et al., 2013b;
Richards and McMurtry, 2010). We envisage that ghrelin is anorex-
igenic in all birds, however, most studies have been performed in
poultry and studies in wild birds are lacking (Kaiya et al., 2013b).
In bird species, the anorexigenic effect of ghrelin is inﬂuenced by
species, strain, rearing conditions, age, bodyweight and route of
ghrelin administration (Kaiya et al., 2013b). The regulation of
appetite may be different in chickens with different genetic back-
grounds, for example, and differences have been observed between
broiler and egg-laying chickens (Zendehdel and Hassanpour,
2014). Ghrelin has been demonstrated to increase feeding at low
doses and inhibit feeding at high doses in the Japanese quail
(Jonaidi et al., 2012).
There is evidence that the corticotropin-releasing factor system
may mediate the inhibitory effects on appetite in birds (Saito et al.,
2002; Kaiya et al., 2013b). Exogenous ghrelin may preferentially
target hypothalamic CRF-secreting neurons over orexigenic neuro-
peptide Y (NPY) neurons, resulting in increased plasma corticoste-
rone levels and decreased appetite (Saito et al., 2005). Moreover,
ICV ghrelin treatment increases vocalization, an indicator of anxi-
ety, in neonatal chicks via the CRF system (Carvajal et al., 2009).
The effect of ghrelin on cumulative food intake in cockerel chickens
appears to be mediated by b2 adrenergic receptors. Ghrelin
reduced cumulative food intake, while ICV administration of the
b2 adrenergic receptor antagonist ICI 118,551 attenuated the inhib-
itory effect of ghrelin on food intake in food-deprived animals
(Zendehdel and Hassanpour, 2014). Activation of the fuel sensor
AMP-kinase (AMPK) in the hypothalamus regulates appetite in
mammals and birds. Inhibition of hypothalamic AMPK signalling
was observed after central ghrelin injection in chickens (Xu et al.,
2011) which is in contrast to the widely acknowledged stimulatory
effect of ghrelin on AMPK signalling in the mammalian hypothala-
mus (Stark et al., 2013). Recently, ICV ghrelin injection was also
shown to suppress gamma aminobutyric acid (GABA) synthesis
in the neonate chick brain, further supporting an anorexigenic role
for central ghrelin in birds (Jonaidi et al., 2012). These ﬁndings sup-
port the hypothesis that ghrelin plays an anorexigenic role in birds
(Kaiya et al., 2013b).
Although ghrelin may be anorexigenic in all birds, diverse
responses have been observed in different species of teleost ﬁsh.
Peripheral and central ghrelin administration induces feeding in
a number of teleosts (Tinoco et al., 2014). In goldﬁsh (Carassius
auratus) ghrelin acts via orexigenic hypothalamic neurons
(Unniappan et al., 2004) and chronic ghrelin infusion (from intra-
peritoneal implants) increases food intake and somatic growth in
brown trout (Salmo trutta) (Tinoco et al., 2014). Conversely, ghrelin
administration inhibits food intake in some teleosts ﬁsh, including
the rainbow trout (Oncorhynchus mykiss) (Jonsson et al., 2010;
Fig. 3. Overview of retrotransposon insertion in the ghrelin gene locus of falcons. Exon–intron structure of GHRL showing canonical preproghrelin coding exons 1–4 (as green
boxes) and the non-coding 50 untranslated exon 0 (as a red box). In falcon genomes a 3.2 kb ERKV retrotransposon is inserted into intron 0. There is no translation-initiating
codon in-frame with preproghrelin in falcons, while the bar-tailed trogon harbours the alternative start codon, CUG (which encodes a leucine).
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route of administration (Tinoco et al., 2014).
Although appetite regulation is the most studied aspect of ghre-
lin biology, ghrelin is a pleiotropic hormone. Interestingly, ghrelin
activity in mammals and birds also diverges with regards to lipo-
genesis. In mammals, ghrelin is associated with a positive energy
balance and lipogenesis, however, ghrelin may be anti-lipogenic
in birds (Buyse et al., 2009; Geelissen et al., 2006; Heppner et al.,
2014). Peripheral ghrelin administration may shift metabolic fuel
preference from carbohydrates to lipids in broiler chicks
(Geelissen et al., 2006). Further metabolic studies are required to
determine the role of ghrelin in different bird species, however
(see Kaiya et al., 2013b).
Ghrelin stimulates growth hormone secretion in birds, as it
does in mammals (Ahmed and Harvey, 2002; Baudet and Harvey,
2003; Kaiya et al., 2002). The effect of ghrelin loss on pulsatile
growth hormone secretion in the falcon is difﬁcult to elucidate.
Interestingly, in mice growth hormone maintains gluconeogenesis
during starvation and loss of ghrelin renders mice hypoglycaemic
(Li et al., 2012). The molecular gastroenterology of birds of prey,
with carnivorous diets rich in protein and low in carbohydrate,
remains largely unexplored, however (Ford, 2010). Despite having
opposite effects on appetite in birds and mammals, ghrelin stimu-
lates gastrointestinal motility in both animal classes (Kitazawa
et al., 2007, 2009; Song et al., 2013). Falcons eat their prey whole
and with the exception of owls, all birds of prey have a crop, a
pouch used to store food for later digestion (Ford, 2010). It could
be hypothesised that a loss of ghrelin results in decreased gastro-
intestinal motility and slower, more complete digestion in falcons,
however, motilin may be recruited to compensate for the loss of
ghrelin. This is analogous to the rat, where the genes encoding
motilin and its receptor are inactivated and ghrelin and its receptor
serve as surrogates (Depoortere et al., 2005).
Falcons are apex predators that cover large geographical areas,
and they hunt birds, mammals, reptiles and insects. Differences
between mammalian and avian species are likely to reﬂect distinct
metabolic demands and behaviours (Kaiya et al., 2013b). We
hypothesise that a loss of ghrelin is a predatory adaptation that pri-
marily results in increased food-seeking behaviour and feeding in
saker and peregrine falcons. We also predict that falcons do not
produce the preproghrelin-derived peptide obestatin. Obestatin
has a number of functions in mammals (Seim et al., 2011), how-
ever, although it was originally thought to suppress ghrelin-stimu-
lated appetite in mammals (Zhang et al., 2005), it is now widely
accepted that it does not play a role in appetite regulation (Seim
et al., 2011). Similarly, in the domestic chicken, obestatin does
not appear to have effects on food intake and it did not affect gut
motility (Song et al., 2012). As in mammals, obestatin may have
other functions in birds, however, the presence and function of
the peptide has yet to be ﬁrmly established (Kaiya et al., 2013b;
Song et al., 2013).In conclusion, ghrelin is likely to play a number of roles in avian
behaviours, metabolism and feeding and its function in wild birds
requires further elucidation. The ﬁndings presented here suggest
that, with the exception of falcons, the ghrelin gene is present in
birds and the peptide hormone ghrelin has physiological roles
throughout Aves.
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